ANNEX 3
EQUATIONS AND METHODS FOR COMPUTING THE
REFERENCE ATTENUATION Acr

The minimum input parameter-s required to compute the reference
attenuation relative to free space are the radio frequency f in megahertz,
the path distance d in kilometers, and antenna heights above ground hg1
and hgz in meters. Estimates of surface refractivity NS , terrain ir-
regularity Ah, and the ground constants o and ¢ may be selected as
described in section 2, when measured values are not available.

When detailed profiles of individual paths are not available, equa-
tions (3) through (6), section 2, are used to estimate median values of
the additional parameters hel L dLl, 2 and Bel g

When detailed profile information is available for a specific path,
the actual horizon distances d and d

L.l L2’
) and 6 , and effective antenna heights h and h _ above the dom-
&y ez el &2

horizon elevation angles

inant reflecting plane are used in computing A . The location of a
e

horizon obstacle may be determined by testing all possible horizon ele-

vations and selecting the one for which the horizon elevation angle Ge

1
or 6 is a maximum:
ez

0.001(h , ~h ) d . _
6 = 3 -5 radians (3. 1a)
el fal
6 = 007 hrp mBs) e radians (3. 1b)
ez d T 2a ’ )

L2

where hs , are the antenna heights above sea level in meters, a is the
E

effective earth's radius in kilometers, are the heights in meters

hLl, 2

above sea level of the horizon obstacles, and d are the great circle

8
distances in kilometers from each antenna to its horizon. The predic-

tion method is limited to values of Gel ) = 0.2 radians. For larger
3
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elevation angles the assumption of an effective earth's radius a, based
on the surface refractivity Ns , is not applicable. :

An alternative procedure is first to compute a least-squares fit of
a straight line to terrain elevations above sea level. The heights hsl,z
and hLl, , are then defined relative to this curve fit, rather than rela-
tive to sea level. This amounts to replacing sea level by an arc of
radius '"a'" that is a least-squares fit to the great circle path terrain
profile.

For line-of-sight paths, the effective antenna heights he1,?. are de-
fined as the height of each antenna above the dominant reflecting plane
between the antennas, or the structural height, whichever is greater.
The effective heights may be calculated as heights above a smooth curve
fitted to great circle profile terrain elevations that are intervisible to
both antennas. A straight line is first fitted by least squares to equi-
distant heights hi , and an amount dizl 2a is then subtracted at each dis-
tance di to allow for the path curvature l1/a. When terrain is so ir-
regular that it cannot be reasonably well approximated by one or more
such reflecting planes, the effective heights are estimated using (4a) or
(4b) in the main body of this report.

The total input required to compute Acr is then: £, d, hgl' hgz’
polarization, and actual or estimated values of Ns y Ah, o, and €.,
When available for specific paths, the parameters Ah(d), dLl 3 dLZ "

2] , B , h , and h are also included as input.
el ez el ez

3-1. Two-Ray Optics Formulas for Computing Ao and Al

At distances d0 and d., which are well within radio line of sight,

1
but are so chosen that the difference between the direct and ground-
reflected rays never exceeds one fourth of the wavelength, the following

formula is used to compute the attenuation relative to free space:



2TAT

2
A=-10 lc::g10 [l + Re -2 Re cos( - c)] + GP - 10 logl0 (g01 goz) dB.

(3.2)

Here - and g represent the directive gain for each antenna in the
direction of the other, while 2nAr/)\ is the path length difference be-
tween direct and ground-reflected rays, expressed in electrical radians

and in degrees as

2TAT 5

=4.1917x 10  fh _h _/d radians, (3. 32)
el ez
-3
=2.4017x 10 "fh _h [/d degrees, (3. 3b)
e1 ez
with £ in MHz, h in meters, and d in kilometers. Re is the mag-

2
nitude of an effective reflection coefficient and c is its phase relative to

m radians. Assuming matched polarizations, the median path antenna
gain may be approximated as

Gp = 10 loglo (g01 goz) dB, (3.4)

and these terms in (3. 2) then cancel each other.

No divergence factor is included in the definition of Re since its use
will not add significantly to the accuracy of the method described for ir-
regular terrain. (See the smooth-earth formulas for D, hte - hre in
Rice et al. (1967).

Let gy and g, represent the directive antenna gains in the direc-
tion of a point of ground reflection. Then,

1 » ,
g 8__\% 2mo  siny
A T1 X2 h
Re*Rh,v(W) XP(—T—) (3-3)

01 oz
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Usually, gr1 = B and 8., = 8" unless beams are very narrow or are
directed away from the earth's surface to minimize reflection from the
surface. R‘h,v is the magnitude of the theoretical plane earth reflection
coefficient, the subscripts h and v referring to horizontal and vertical
polarization respectively, and the factor Y in the exponent is the rms
_deviation of terrain and terrain clutter within the limits of the first

Fresnel zone in the dominant reflecting plane. For this report the

factor o and the grazing angle ¢ are defined as follows:

o, (d) = 0. 78 Ah(d) exp{- 0.5 [Ah(d)]%} m, for Ah(d) >4m, (3.6a)

o, (d) = 0.39 Ah(d), for Ah(d) =4 m, (3. 6b)
-1
y = tan [(hel - hez)/(looo d)] . (3.7)
If Rh,v exp[- (27 o sin U)/A] >0.5 and > Vsin J, (3. 8a)
A
R =R .
e =
g & Ve
Otherwise, R_= [u sin L’.J:| . (3. 8b)
< gOl o2

The theoretical plane earth reflection coefficients Rh’ R.v and the
phase angle c are functions of the radio frequency f, grazing angle U,
and the ground constants ¢ and €. Their magnitudes may be read from
figures III. 1 through III. 8, volume 2 of the report by Rice et al. (1967),

or computed as follows:

x = 18000 /£, q =x/(2p) (3.9a)
1

]
2 PZ = [(e - cc:sZ w)z +x2] + (e - cosZ $) (3.9b)
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2

€ +x 1 5
bv_Z__Z" bh—-—z-—-—-——z- radians (3.10)
p +gq p +g
_2(pe + gx) __2p
=T R - {3.11)
P +gq p +9g
Then
2 . 2 . . 2 .
R =[1+b sin" ¢ -m sin W]/ [1+b sin“U+m sin¢] (3. 12a)
v v v v v
RZ =1+ sianJ - sinU]/ [1+b sinZL].i + sin ¢]. (3.12b)
h h R h T

The phase angle c in (3.2) is defined below for both horizontal and

vertical polarization, y and <, * The angle <h defined as

_ -1 q -1 q »
Ch = tan (P T oin lp) - tan (P—'"—Sm) radians (3. 13)

is always negative and ranges in value from 0 2 <y = - 0.1 radians. The

angle e changes suddenly from near zero to m/2 at the pseudo-Brewster

=
angle, sin Vl/hV . To define c, let

y, = (xsin b +q)/(c sin $+p), vy, =(xsiny-q)/(c sin - p).

(3. 14)
If esin Y zp:

= tan” tan"ty, + dians 3. 15
c,=tan vy, -tan "y, 4+ mradians. (3. 15a)

If esiny < p and psind >0.5:
& =aEn Ty, 4w dia 3. 15b
o -y, n "y, radians. (3. )

If esinyY=p and psin ¢ =0.5:
c —tanql tan” radians (3. 15
V_ yl- n YZ 1ans . . C)
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-1
In the above formulas, tan vy is in the first quadrant if y is positive
and in the fourth quadrant if y is negative.
The two-ray optics formulas (3.2) to (3. 15) are used to compute

values of attenuation A " and Alt at distances do and d1 , respectively.
o

For Ae =2 0, define

d

d =4x 10'5 h h fkm, or 0.5d_, whichever is smaller, (3. 16a)
o) e1 ez L

For A < 0, define
ed
= - - 2 i i "
dm Aed/ m, km, or (dL ) km, whichever is smaller, (3. 16b)
d f d = 04
s or ” 05 dL
do = (3. 16¢)
0.5 dL otherwise
= o2 - £ .
d =d_40.25(d -d ) km (3. 16d)

1

In (3. 16) the radio frequency f is in MHz, the effective antenna heights
5a. g are in meters, dL is the sum of the horizon distances in kilo-

meters and the attenuation Ae and slope m, are defined in the next

d
subsection (3. 38).

In addition to the two-ray-theory estimates A 1 and Al . of attenua-
o

tion at the distances do and dl s estimates of diffraction attenuation Aod'
Ald , and ALs are also computed at do, d1 , and dLs:
Aoderd+mddo (3.17a)
Alderd+mdd1 (3. 17b)
ALS =Aed+md dLs’ (3.17c)

where Aed and m, are defined in the next subsection by (3. 38).
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The estimates of attenuation AO and Al at the distances do and cl1
are then computed as weighted averages of the two-ray theory and the

diffraction estimates

A =w A +(1-w)A or A _, whichever is smaller, (3.18a)
o o ot 0 od od
- _ A ) .
Al WO Alt + (1 wo) Ald or 14 whichever is smaller, (3.18Db)
_4 =1
w =(l+fAn1077) | (3. 18¢)

For distances less than the smooth-earth horizon distance dLs , the
calculated reference value Acr is defined by a smooth curve fitted to
the three values of attenuation below free space, Ao, Al , and ALs' at

the distances do’ dl,and dLs'
<d= :
For O d dLs :

A =A + . + k .
- JFE (d-d)+k, log  (d/d) dB. (3.19)

The constants k. and kz in (3.19) are evaluated as follows. First esti-
A A

mates kl, kZ of the slopes kl, kz in (3.19) are computed as

Q _ (AI_s - Ao) (dl - do) - (Al - Ao) (dLs - do) 4B,

2~ = - -
(dl do) 10g10 (dLs/do) (dLs do) 1Og10 (dlldo)
or 0, whichever is larger algebraically, (3.20)
A A
kl [(ALS - Ao) - kz 1oglo (dLs/do)]/(dLs - do) dB/km. (3.21)



A
I:Ek1<0 setk1=0and

k, = (A - A )/log  (d, /d). (3.22)

If the reference attenuation Acr computed from (3. 19) is less than

zero at any distance 0=d =d_ , let Acr = 0 for that distance.

Ls

3-2. Formulas for Computing Diffraction Attenuation Ad
In the far diffraction region, the attenuation A d is computed as a

weighted average of two estimates, Ar for smooth terrain and A, for

k

highly irregular terrain. In general, Ad is defined by (13) as

Ay=(1-w)A _+wA_ dB,

where the empirically determined weighting factor w is defined as
-1

z
h h +C ag +d e

_ Ah(d) el ez e I

w_{1+0.1|: = ( p— +C+ 3 )]}, (3.23)

gr gz

with —{-—) =1000. In the accompanying computer program and output
C=0. For low antennas with known path parameters C = 10,
In (3. 23) the radio wavelength X\, terrain irregularity Ah(d), and

effective and structural antenna heights hel 5 h i % are in meters;
’ g1l,

the effective earth's radius a, the horizon distance dL , and the dis-

tance d, at which Ak and A are computed are in kilometers; and the
I
sum of the elevation angles Ge is in radians. For very smooth terrain,

-~

the weight w =1 and Ad = Ar , and for highly irregular terrain, the
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weight w =0 and Ad = A‘k The prediction approaches A‘k when either
the frequency or the terrain irregularity are very large; therefore, a
limit is placed on this ratio.

The diffraction attenuation is computed at distances d_ and d4,

3
chosen well beyond the horizon:

1 1
d; =d +0.5(a2/£)3 km, d =d3+(a2/f)3 km . (3.24)

L 4

< =
If d3 dLs set d3 dLs'

At these distances, d3 and d4, the attenuations A3 and A4 are

computed using the following formulas, substituting d3 and d4 for d in

(3.23) to obtain Wa and Wyt
Ag=(l-w)A +w A (3.25a)
A4=(l-w4)Ak4+w3Ar4 (3.25b)

6_.=06 +d_/a, ©
e 3

3 =Ge+d4/a. (3.25¢c)

=

The estimates Ak: and Akal for highly irregular terrain are com-
puted as though the horizon obstacles were sharp ridges or hills, and the

attenuation is computed for a double knife-edge path.

v) 5=1.2915 6, Jf d 4y -d )/ (d, -4 ) (3. 26a)
L 1.2915 0, Jf d;, (d; - dL)/(d3 - dLl) (3. 26b)
v, 4= L29156, FdLl (4, -4, )/ (d, -d,,) (3. 26¢)
v, 4=1.2915 6, ‘/f d , (4, -d )/, -d ) (3.26d)
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2

{A(v)=6.02+9.11v—1.27v for 0=v=2.,4 (3.27a)
A(v) = 12,953 + 20 loglo v for w2 2.4 (3.27hb)

A = A = =
s (vl.3) + A(VZ.B) . Aka, A(v1.4) + A(v2.4) (3. 27c)

The rounded earth attenuations Ars and Ar are defined as

1

) - F(Xl) - F(xz) - 20 dB, (3...28)

A =
G(XB’ 4

s, 4

where the functions F(x ) and G(x ) depend on the radio frequency,

1, 2 3,4

polarization, and ground constants ¢ and €, the distances dLl 57 d3 4°

and the effective earth's radii al > for the terrain between the antennas

and their horizons and a3 4 for the terrain between horizons. The

latter are defined as

2 2
=d 0. . = - k ol
a, Ll/( 002 he1) km a2 szl(O 002 hez) m (3.29a)
= = =(d, -4d km. o
a, (d3 dL)/EJ3 km , 2, ( 4 L)/B4 m (3.29b)
Then the distances Xl, 2,3, 4 are defined as
2 2
= =3 = -3 j
X, = Bl a, dLl km , X, = B2 a, t:l_.L2 km (3.30)
2
=B 3 - +
X3 5 a3 (d3 dL) Xl + X, km (3.31a)
2
= -3 . -
X 4 B4 a, (d4 dL) xl+x2 km , (3.31b)
where the parameter Bl 2 3 4 is defined for both vertical and horizontal

polarization as
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1
=416.4 £* [1.607 - K (3. 32)

Biy.2,3,4 h,v (1,2,3,4"

The parameters Kh(a.) for horizontal and Kv(a.) for vertical polarization

are defined as
L 2 2q-1
K, (2) = 0.36278 (a f) e -1)" +x]7% (3.33a)
2 . 2.4
Kv(a) = Kh(a.) [¢"+x]=2, (3. 33b)

where x is defined by (3.9a) as x = 18000 ¢/ £, and the ground constants
o and € are included in the input.

The functions F(xl) and F(xz) may be read from figures 8.5 or 8.6
of the report by Rice et al. (1967) or may be computed using the following

formulas.
1. For 0<x =200 and 0 =K, (a )510’5.
1,2 — b, % 1;2 )
F(Xl,z) = 40 loglo XI,Z - 117, or (3. 34a)
F(x1 2') = - 117 dB, (3. 34b)
whichever yields the smaller absolute value.
2. For 0<x =200 and 107" < K (B, o) <1
1,2 —_— h, v 1;2 ’

3
and x = - 450/{10g10 [Kh,v(al,z)]} 1

F( ) is calculated using (3. 34a). Otherwise

Y 2 )

-5 2
=2 -
Flx; o) =20log) K (a) ,) +2.5x 107 x| /K, 2y ;) - 15 dB.

(3. 34c)



Note that when Kh ) > 0.1 no test on x is required and (3. 34c) is

3 v(al, 2
always used.

3. For 200<x = 2000, define

1;2
“’1,2 =0.0134 Xl,Z exp(- 0. 005 xl,Z)' (3. 35a)
Then
= = - . -1 dB.
F(Xl, 2) Wl, > (40 1Ogloxl, > 117)+(1 wl, 2) (0.05751 Xl, 2 Ologloxl, 2) B
(3. 35b)
4. For Xl, 2 > 2000,
F(Xl, 2) = 0.05751 Xl, > " 10 loglo Xl, 5 dB. (3. 36)
The parameter G(x3 4) is defined as
= 0. & . -3
G(x3,4) 0.05751 x3’4 10 log10 :»c3")_1 dB {(3-37)
Values of Ak3,4 as given by (3.27) and of Ar3,4 as given by (3. 28)
are substituted in (3. 24a,b) to obtain A3 and A4 . These computed

values of A3 at d_, and A4 at d

3 are used to compute the slope m

4 d

and intercept Ae that define a straight line. The reference attenuation

d
A at any distance d = d=d is then
(o Ls X
AcrzAd:Aed+mdd dB, (3.38a)
Aed=AfO+A4—mdd4, and mdz(A4-A3)/(d4-—d3), (3. 38b)

where Afo is a ""clutter factor', defined as
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-5
A, =51log [l+h nh fo ) 10" ] dB,

d
g1 g2 h( Ls
or 15 dB, whichever is smaller, (3. 38¢c)

and the terrain roughness term N (dLs) is obtained by substituting d

for d in (3.6) and (3).

Ls

3-3. Formulas for Computing Scatter Attenuation As

At distances d5 and d,, defined below, the following formulas are

6
used to obtain initial estimates ﬁs and ﬁé of forward scatter at-
tenuation relative to free space:
= + 2 = + .
d5 dL 00 km, cl6 dL 400 km (3.39)
= - = + i
85 Be d5/a, 96 Ge d6/a radians (3.40)

1 1
Hs,é—(h_+h_)/(65,6flo'007-0'0586 |) aB

5, 6
el ez

(3.41)
or 15 dB, whichever is smaller.

4
55 = H5 + 10 loglo (f 65) - 0.1 (Ns - 301) exp(- 95 d5/40) dB (3.42a)
4
= + = = =
56 H6 10 log10 (f 66} 0.1 (Ns 301) exp( 66 d6/40} dB . (3.42hb)
Substitute d5, 85, SS' and d6' 66, S6 in the following expressions to
. A A ACA
obtain A5 = A5 at d5. and A6 - AS at d()'
For gd =10:
A
AS=S+ 103.4 + 0.332 6d - 10 loglo (ed) dB. (3.433)
For 10 = gd= 70:
A
AS=S+97.1+0.212 8d-2.5log10 (6d) dB. (3.43b)
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For 6d =270:

A
A_=5+86.8+0.1578d +5 log, (6d) dB. (3.43c)

3-3.1. For H]5 =10 dB

When the frequency gain function, HS , computed at d5 is less than

or equal to 10 dB, formulas (3. 39) through (3.43) give the actual pre-

dicted scatter loss at the distances d5 and d6 , and

N A
AS-AS dB, and Aé—Aﬁ dB.

The scatter attenuation AS , at any distance d, is then given by (17)
and (18) as

A =A +m 4 dB,
s es s

where

= - A d, —d_Js
es 5 s 5' e My (AE) 5)/( 6 5)
The distance dx , where diffraction and scatter attenuations are
equal, is

dx = (Aes = Aed)/(m - ms) km,

g (3. 44a)

2 L
or dL +0.25(a /£)? loglo f, whichever is greater, (3. 44b)
where Aed and m, are defined by (15), and (3. 38b).

When (3. 44b) is
used to define dx' redefine Ae

as
Aes :Aed-!-(md-ms)dx (3. 44c)
The reference attenuation Acr for transhorizon paths is then
< < e _
for dLs_ d —dx, Acr —Ad-Aed+mdd dB
: (3.45)
for d =d =1500km, A _=A =A +m_d dB
x cr s es s
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3-3.2. For HS > 10dB and =15 dB

When the frequency gain function H5 computed at d is greater

5
A A
than 10 dB, the estimates A5 and Aé are modified by comparison with

the scatter loss expected over a smooth earth, Ah=0. To determine
the distance dxo' where diffraction and scatter losses would be equal

over a smooth earth, the diffraction loss, with Ah = 0, is also computed.

A
: - A = A = A
For the special case, Ah =0, let A6 ad’ mdo md , and 5

be the preliminary estimate of scatter attenuation at d5 . Assume that

the slope m_ is not changed. Then one estimate of d 6 is obtained by
X

substituting in (3.44):

A A
= = = - - km., .
dxi dxo (A o - T d5 Ado)/(mdo ms) m (3.46a)
When H5 is large, a good estimate of dxo is
d = gl\ =d_+0.2 . f %l f km 3.46Db)
o - Yo = 9L 0.25 (a /f) €10 . (3.

For smaller values of I—I5, d is the better estimate of d o’ and
X1 X

for larger values d is the better estimate. Therefore, a weighted
X2

function is used to compute d o 2% follows:
X

d =d -0.2H.) +d 2H_ -2 :
=4 (3 Jtd_ (0.2H, -2) km, (3. 460)
For Ah =0, scatter and diffraction losses are equal at dxo . The
diffraction attenuation A at d is
X0 X0
A =A_ + d dB. -
X0 do mdo X0 (3:49)

It is assumed that, in general, the forward scatter attenuation A at
SX

d =d for any value of Ah is
X0

A A
A = -
- Axo + (A5 A 50) dB . (3.48)

3-15



The intercept at d = 0 would then be

A =A -m d_  dB. (3. 49)
es sX s XoO

Substituting this value of Aes in (3.44a or b) determines the dis-

tance d , and for any distance d = dx'
x

A =A = A +m d dB.
cr s es s
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